Introduction. -AlGaAs/GaAs double-heterostructure (DH) laser with a low threshold current density was made by Dupuis and ~a~k u s l )
using metalorganic chemical vapor deposition (MOCVD). They also fabricated single-2, and m~lti-~uantum~) well heterostructure lasers with unique laser characteristics by the MCCVD technology. Their successes demonstrated capability of MOCVD for growing high quality AlGaAs and its excellent controllability comparable to molecular beam epitaxy technology. MOCVD-grown AlGaAs/AlGaAs DH visible lasers with emission wavelength down to 760 nm were obtained by Mori and ~atanabe.~) Both the threshold currents and degradation rates were, however, larger than that of the lasers with GaAs active layer. This result indicated that the growth of hi h quality AlGaAs is much more difficult than that for GaAs. Stringfellow, et a1.?-7) have intensibly investigated optical and electrical properties of MOCVD-grown AlGaAs, especially, carbon and oxygen incorporation into the AlGaAs. They found a method for gettering of residual oxygen, and also investigated optimum growth conditions to obtain high quality AlGaAs in MOCVD. Recently, MOCVD-grown visible lasers with emission wavelength down to 715 nm have been fabri~ated.~) More recently, Burnham, et a l . ' ) have reported very short wavelength lasers down to 700 nm with very low threshold current densities. These results clearly indicate that the MOCVD process is a very useful technology to prepare excellent quality AlGaAs and that there are no essential problems to obtain low cost DH visible lasers for practical use. This paper will describe some experimental results suggesting an optimum V/III ratio in the growth ambient to reduce carbon contamination in AlGaAs, and an influence of residual impurity in an AsH3/H2 on the quality of AlGaAs. Structure, device performance of narrow stripe visible lasers and uniformity of their properties over a whole wafer are also reported. Finally, results of some systematic life tests for our visible lasers will be presented, which is the first systematic result of accelerated life tests for MOCVD-grown lasers.
Epitaxial Growth and Quality of the Layer.
2.1 *timum V/III Mole Ratio. -An arsenic over pressure, i.e., V/III mole ratio, --------------and growth temperature are the most important parameters to obtain high purity GaAs and AlGaAs by MOCVD. As previously observed,l0fll1) the conduction type of the undoped GaAs changes from p to n as the V/III ratio and/or growth temperature increased. Several impurities, i-e., Si, C, Zn and others, have been considered to cause the type change. We have studied12) in detail the dependence of each impurity Article published online by EDP Sciences and available at http://dx.doi.org/10.1051/jphyscol:1982532
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JOURNAL DE PHYSIQUE concentration incorporated in the undoped materials on the V/III ratio, and we found that the total impurity concentration was minimized when the materials were grown under the V/III ratio near the p/n transition.
Carrier concentration in undoped AlXGal+ grown at 800°C against the mole fraction, x, is shown in Fig. 1 . The hole concentration increased steeply with x at a fixed V/III ratio in the p-type region, and the electron concentration increased proportionally with x in the n-type region. Hence the V/III ratio at the p/n transition shifts to higher region with increasing x as shown in Fig. 2. Typical photoluminescence (PL) spectra for undoped n-type GaAs and AlO.lGaO.gAs at 77 K are shown in Fig. 3 . Three peaks (A1; 25meV, A2; 35 meV, and A3;152 meV) due to acceptors are always present in all the GaAs samples. With A1 addition, an additional acceptor peak denoted A4 (; 90 meV) was introduced. Relative intensity of the A4 to the band-edge emission peak (B) was found to increase exponentially with M A S mole fraction. While the peak intensity of A3 scattered considerably from lot to lot of the AsH3/H? gas cylinder, other acceptor peak intens~ties were much less scattered, and changed monotonically by changing the V/III ratio. Aloe lGao.gAs at 77K.
The impurity A3 is Cu which might be introduced mainly from the ks~3/H2 gas cylinder. Impurity A4 would be Mn which is introduced from trimethylaluminum (TMA). Impurity A1 may be C, which is dominant impurity in M O C M grown layer. A2 impurity would be Zn which comes from trimetylgallim (TMG) and TMA.
The peak intensity of the main acceptor carbon relative to the B peak, which gives the relative concentration, NA1 = kND (IAl/IB), is plotted against the V/III ratio in Fig. 4 . If we assume k value is not much different with Al addition, concentration of C is higher in AlGaAs than in &As, and it increases exponentially with x, which is reflected as increase of hole concentraion in Fig. 1 .
Concentration of each impurity was separately determined for a range of V/III
ratio by combining data on the relative PL intensities with the carrier concentration measured electrically. From the result, the total impurity concentration was found to be minimized near the V/III ratio of the p/n transition. Similar calculation was applied for AlGaAs, and we obtained the optimum V/III ratio depending on the AlAs mole fraction as shown in in AlXGal-$s against x .
O x y~e~~o~t -~~n~t~o~~n n A~G G a k S a k s .
-As far as we consider the shallow impuri----ties, the optimum V/III ratio for AlGaAs is so high, that it reaches as high as 100 for A10.3Ga0.7~.
However, it is necessary to include dee tra impurities to B P obtain truly optimized condition. As previously observed, 3 r l4 the impurity oxygen incorporated into the AlGaAs acts as a deep trap and decreases PL intensity of the crystal. Impurity oxygen and/or water vapor, in our case, comes mainly from AsH3/H2 gas cylinder, and the ratio of partial pressure of oxygen and/or water vapor to the column I11 elements in the growth ambient increases with the V/III ratio. Then the optimum V/III ratio should be different from the values in Fig. 5 . Such optimum V/III ratio, unfortunately, can not be defined explicitly, because the concentration of oxygen and/or water vapor in AsH3/H2 changes from lot to lot of the cylinder. One of the experimental results related to the impurity in ksH3/H2 influencing the growth of AlGaAs is described below. From these results, we concluded that the favorable V/III ratio must be defined from the incorporation ratio of carbon and oxygen, and it depends on purity and history of an AsH3/HZ gas cylinder.
The quality of AlGaAs grown under the favorable growth conditions defined from the above study is as good as the LPE crystals as shown in Fig. 8. 2.3. Unifo~~l~itp -MOCVD is an excellent technology for uniform growth on a ------large-scaled wafer as reported by many authors. We have confirmed that uniform growth can be achieved by both a vertical and a horizontal reactors. Thickness variation of about 2 . 5 pm thick ALGaAs grown layer on a large-scaled wafer ( -40 mm in large diameter) is less than +1.5%, except the periphery, where edge growth occurred. An example is shown in Fig. 9 , where the data was for the vertical reactor. In addition to layer thickness uniformity, doping density, alloy composition, electron mobility and PL intensity of Se doped Alo.jGa0.7As layer are also excellent, as shown in the same figure. Variations of carrier concentration, mobility and PL intensity were less than 28.8, 3.0 and 3.7%, respectively. A variation of the band-edge PL peak wavelength was less than 1 nm, which is a resolution limit of our spectrometer. Among them the variation of carrier concentration is the worst, which is probably due to nonuniformity of temperature over the susceptor. devices. grown on a large-scaled wafer.
We have studied on proton-isolated narrow stripe visible lasers for application to optical read-out purposes. Structure and performance of the lasers shall be described in more detail in the following section. Distribution of device characteristics shown in Fig. 10 The minimum threshold current density measured f o r the broad contact device of 780 n m emission and 500 pm long cavity was 570 ~/ c m~. This is comparable t o the best r e s u l t obtained so f a r f o r the MOCVD grown l a s e r with a GaAs active layer.16) Figure 13 shows typical relations of l i g h t v u t p u t power versus dc driving current ( L -I ) f o r devices with emission wavelength 787 n m and 725 nm. Current-voltage relationships f o r t h e devices were almost t h e same, which indicates good doping c h a r a c t e r i s t i c s i n the cladding layers with high A l A s mole fraction. Though the threshold current i s almost independent both of the s t r i p e width and of the depth of t h e proton bombarded region, t h e l i n e a r i t y of L -I characteristics improves as the s t r i p width decreases. The dc output power increased l i n e a r l y without kinks up t o 10 mW/facet f o r 5 pm s t r i p devices even when the emission wavelength was shorter than 725 nm. Differential quantum efficiency of the l a s e r greater than 60% was found t o be almost independent both of the s t r i p e width and of the emission wavelength. This value is larger than t h a t of l a s e r s with the same geometry grown by LPE. 
Conclusions
We have investigated the relationship between crystal quality and the growth condition, i.e., partial pressure ratio of V to I11 elements in the growth ambient, in MOCVD. The concentration of the main acceptor impurity carbon incorporated in AlGaAs increased with AlAs mole fraction, and that decreased monotonically as the V/III ratio increased. Contamination of the residual impurity oxygen came from the A3H3/H2 gas cylinder, on the other hand, increased with the V/III ratio. We found that the favorable V/III ratio to obtain a high quality AlGaAs in MOCVD should be defined from the incorporation ratio of carbon and oxygen, and it depended on the purity and history of the A3H3/H2 gas cylinder. The quality of AlGaAs grown under the favorable growth conditions defined in this way was as good as the LPE crystals. We demonstrated the excellent uniformities of grown layer thickness, electrical and optical properties over the whole wafer, and also device characteristics. Low threshold visible lasers emitted down to 683 nm was obtained in pulsed operation. Linear relationship between the light-output power and dc driving current was observed up to 10 m W/facet for the proton isolated narrow stripe visible lasers. We have carried out for the first time accelerated life tests for the MOCVD visible lasers. The non-screened 787 m a devices have been operating stably for more than 5000 h with the degradation rate of the order of l~-~h -~ at 50°C and 700C.
The activation energy of failure obtained for 787 nm device was 0.61 eV, which is relatively low. The wavelength dependence of failure was quite similar to that of LPE devices.
The reliability of our MOCVD lasers with wide range of emission wavelength was comparable to that of LPE lasers. We concluded that the MOCVD is now one of the most useful technology for production of large-scale visible laser wafers with excellent performance and reliability.
